The Escherichia coi mutS gene product is involved in mismatch correction in this organism. We have purified a biologically active form of the 97,000 Mr protein to near homogeneity from an overproducing strain. Enzymatic
In 1976 Wagner and Meselson (1) suggested that postreplication mismatch correction on the newly synthesized strand could function to eliminate DNA biosynthetic errors. Transfection of Escherichia coli with artificially constructed DNA heteroduplexes containing one or more mispaired bases (1, 2) has demonstrated that this organism is capable of processing mismatched base pairs. Such experiments have also yielded results anticipated by Wagner and Meselson (1) for a pathway involved in the processing of DNA biosynthetic errors. Their suggestion that transient undermethylation of newly synthesized DNA could provide the strand discrimination necessary for elimination of replication errors is in accord with findings that correction of mismatches in this organism can be modulated by the state of adenine methylation within d(G-A-T-C) sequences (3) (4) (5) .
We have described a cell-free E. coli system that supports methyl-dependent mismatch correction in vitro (6, 7) . As observed in vivo (5, 8, 9) , the cell-free reaction requires mutH, mutL, mutS, and uvrD (mutU) gene products (6, 7) . Although the uvrD gene product has been shown to be DNA helicase II (10, 11) , activities have not been assigned to the other mut gene products. We have used the in vitro mismatch correction assay to isolate these proteins in a biologically active form. In this paper we describe the isolation and characterization of nearhomogeneous mutS-encoded protein.
MATERIALS AND METHODS
Bacterial and Phage Strains. E. coli strains used in this study are summarized in Table 1 . Host strains for plasmids containing the X PL promoter were lysogenized with wildtype X. Bacteriophage flR229 and derivatives containing transition mutations within the EcoRI sequence have been described (6) . A transversion mutant (flG18) with a thymine to guanine mutation at position 5620 was constructed by oligonucleotide-directed mutagenesis using d(A-A-A-G-C-C-G-C-A-T-T-C-G-G) (12) , and the sequence was confirmed by the dideoxy method (13) .
Other Materials. Hemimethylated heteroduplexes of flR229 DNA, which were methylated at d(G-A-T-C) sequences on the complementary strand and which contained a base-pair mismatch within the EcoRI endonuclease recog- nition sequence, were prepared as described (6) . Recombinant DNA manipulations were by standard methods (14) . Enzymes and reagents have been described (6) or were from commercial sources. Methidiumpropyl-EDTA (15) and streptomycin sulfate were kindly provided by Peter Dervan (California Institute ofTechnology) and Merck, respectively.
Complementation and Enzyme Assays. The mutS gene product was assayed by virtue of its ability to complement an extract of NK7085 (mutS::TnS) to restore mismatch correction on an f1R229 heteroduplex containing a G-T mispair within the EcoRI site (6) . One unit of mutS activity is defined as that rendering 1 (17) with transcription from PL denoted by an arrow. TnlO00 insertion mutants of pMS312 were isolated according to Sancar and Rupp (21) using the Hfr C donor K38(pMS312)/XA and a spontaneous streptomycinresistant derivative of the mutS101 strain KMBL3775/X+ as recipient. Transconjugants were selected on ampicillin and streptomycin, mutation rate was determined (9) , and isolated plasmids were screened for locations of TnlO00 insertions. Plasmids containing TnlO00 insertions 315 and 316 suppressed the mutator phenotype of NK7085/X+ (mutS::TnS), whereas those harboring insertions 313 and 314 did not (not shown). v, TnlO00 insertions denoted by the number of the corresponding plasmid (Fig. 2) ; o, the position of mutS: :TnS in strain NK7085. Restriction endonuclease sites: A, Ava I; B, BamHI; Bg, Bgl II; C, Cla I; H, HindIII; P, Pst I. The map shown is opened at the single Ava I site. The shaded region indicates the probable mutS coding region.
chromosomal DNA (16) was cloned into a pSCC31 vector (17) , and a plasmid bearing the kanamycin-resistance function ofTnS on a 23-kilobase (kb) insert was identified. Restriction analysis of the insert revealed a 3.3-kb Hpa I fragment containing 0.2 kb ofTnS DNA (18) and 3.1 kb ofbounding chromosomal sequence (not shown). When used as probe in blot analysis (19) , this Hpa I fragment hybridized to a 25-kb BamHI fragment in a hydrolysate of E. coli KMBL3752 (mutS+) DNA. BamHI fragments of about 25 kb were isolated from an agarose gel and cloned into the BamHI site of pBR322 using a DH1 host, and appropriate clones were identified by colony blot methods (20) E. coli strain M5248(pMS312) was grown at 30°C in 170 liters of L broth supplemented with thymine (4 ,ug/ml), thiamine (10 ug/ml), glucose (10 mg/ml), KH2PO4 (2.5 mM), Na2HPO4 (7.5 mM), and ampicillin (50 ,g/ml) at 30°C to an A590 of 2.0, shifted to 42°C for 3.5 hr (final A590 = 11.0), and harvested by centrifugation. Cell paste was frozen and stored at -70°C. Thawed cell paste (50 g) was suspended in 100 ml of buffer A (0.02 M KPO4, pH 7.4/1 mM EDTA/1 mM phenylmethylsulfonyl fluoride/10 mM 2-mercaptoethanol) and sonicated in an ice/salt bath. The lysate was clarified by centrifugation, and the extract (120 ml, A260 = 303) was treated with 30 ml of freshly prepared 25% (wt/vol) streptomycin sulfate. After stirring for 45 min, insoluble material was removed by centrifugation. Solid (NH4)2SO4 (24.6 g) was added to the supernatant (fraction I, 137 ml) over a period of 20 min, and the suspension was stirred for an additional 40 min. The precipitate was collected by centrifugation and resuspended in 10 ml of buffer A (fraction II, 12.5 ml). Fraction II was diluted 1:10 with buffer A containing 0.025 M KCl (this was done in small batches) and immediately applied at 60 ml/hr to a heparin-Sepharose 4B (24) column (15 cm x 2 cm2) equilibrated with buffer A containing 0.05 M KCL. After washing with 90 ml of buffer A containing 0.1 M KCl, the column was eluted with a 300-ml linear gradient of KCI (0.1-0.4 M) in buffer B (same as buffer A but only 0.1 mM EDTA). Fractions containing mutS complementing activity, which eluted at about 0.17 M KCI, were pooled (fraction III, 90 ml) and applied at 30 ml/hr to a column of hydroxylapatite (22 cm x 3 cm2) equilibrated with buffer B containing 0.2 M KCl. After washing with 120 ml of equilibration buffer, the column was eluted at 24 ml/hr with a 600-ml linear gradient of potassium phosphate (pH 7.4, 0.02-0.12 M) containing 0.1 mM EDTA, 0.2 M KCl, 1 mM phenylmethylsulfonyl fluoride, and 10 mM 2-mercaptoethanol. Active fractions that eluted at 0.055 M (fraction IVa, 132 ml) and 0.1 M phosphate (fraction IVb, 90 ml) were pooled. Fraction IVb was stored at -70°C in small aliquots that were thawed before use and could be stored at 4°C for at least 1 week without loss of activity.
Biochemistry: Su and Modrich polypeptide would be localized within the insert as shown in Fig. 1 .
Isolation of Biologically Active mutS-Encoded Protein. As summarized in Table 2 , mutS-encoded protein was purified from strain M5248(pMS312), with activity monitored by complementation of extracts defective in mutS function to restore mismatch correction in vitro (6) . Activity copurified with a 97,000 Mr polypeptide and fractionated in a simple manner except on the last hydroxylapatite column. In this case, activity eluted in two peaks (fractions IVa and IVb in Table 2 ). Although both fractions were essentially homogeneous with respect to the 97,000 Mr polypeptide (Fig. 2) , fraction IVa possessed only one-third the specific activity of fraction IVb, which eluted at higher salt. The two fractions (3) ..VI T/C A/G Proc. Natl. Acad. Sci. USA 83 (1986) 5059 also differed greatly in stability. Although fraction IVb was stable at 0C for 2 weeks, activity associated with fraction IVa was lost under these conditions, with activity loss accompanied by extensive proteolysis of the 97,000 Mr polypeptide (not shown). We suspect that fraction IVa was subject to limited proteolysis prior to isolation and that this is the basis for resolution of the two fractions on hydroxylapatite. Work described below used fraction IVb, which we estimate to be 98% pure. mutS-Encoded Protein Binds to DNA Regions Containing Mismatched Base Pairs. At a concentration 10 times that required to achieve maximal activity in the in vitro complementation system, purified mutS-encoded protein was found to be free of detectable levels of several activities, 
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EcoRIr EcoRIs (Fig. 3) . (Upper) Each fraction was also analyzed by electrophoresis on a NaDodSO4/10%o polyacrylamide gel (Fig. 2) . Marker proteins, which were run on a parallel gradient, were catalase (11.3 S), lactase dehydrogenase (7.3 S), and bovine serum albumin (4.3 S).
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including endonuclease on fl DNA duplexes that were unmethylated, hemimethylated, or fully methylated at d(G-A-T-C) sequences (<50 pmol mg-1-hr-1) exonuclease activity on uniformly labeled linear ColEl DNA (<6 nmol of acid-soluble nucleotidemg-1hr-'), 5' exonuclease (<0.5 pmol of acidsoluble 5' phosphate'mg-'hr-1), and DNA polymerase on gaps of about 1 kb (<32 pmol of nucleotide mg-l hr-1).
Although these tests for enzymatic alteration of DNA structure were negative, we have found that mutS-encoded protein binds in a specific manner to DNA regions containing mismatched base pairs. This is illustrated by the DNase I protection ("footprint") analysis (25) shown in Fig. 3 . The purified preparation had no effect on the DNase I sensitivity of a control fragment that lacked a mispair but protected about 20 base pairs from hydrolysis when transition (G-T and A-C) or transversion (G-A or T-C) mispairs were present. Specific binding in the vicinity of a mispair does not require d(G-A-T-C) sites since the fragment employed for footprint analysis does not contain such a sequence. However, affinity of mutS-encoded protein for each of these four particular mismatches varied. Affinities were estimated by titration with mutS-encoded protein, with complex formation quantitated by densitometric analysis of DNase I footprint patterns (not shown). This analysis yielded approximate values for apparent dissociation constants as follows: Kd(G-T) = 20 nM, Kd(A-G) = 60 nM, Kd(A-C) = 80 nM, and Kd(T-C) > 80 nM.
Several lines of evidence indicate that mismatch footprinting is due to binding of the 97,000 Mr mutS-encoded polypeptide rather than a contaminant in the purified preparation. As shown in Fig. 4 , footprinting activity on a G-T mispair cosedimented with mutS-encoded protein and mutS complementing activity. The protein sediments as two species at 7 S and 10 S. This sedimentation behavior indicates oligomerization of the 97,000 Mr subunit, but structures for these aggregation states have not been assigned. Furthermore, in some experiments nearly complete protection of the G-T mispair against DNase I attack was afforded by only 8 mol of mutS-encoded protein (as monomer) per mol of DNA fragment. This finding indicates the presence of at least 1 mol of mismatch binding activity per 8 mol of mutS-encoded monomer, and, as discussed above, we estimate such preparations to be about 98% pure. Comparable stoichiometry arguments cannot be made in the case of the other mispairs tested. However, since it seems unlikely that purified mutS preparations would be fortuitously contaminated by proteins capable of binding at G-A, A-C, and T-C mismatches, we attribute binding activity for these mispairs to the mutS gene product.
As illustrated schematically in Fig. 5 , footprints observed in these experiments were not centered over the mismatch. In the case of the G-T mismatch, mutS-encoded protein protected about 22 nucleotides on each strand against DNase attack, and this region was asymmetrically disposed relative to the position of the mispair. A-C, G-A, and T-C mispairs were also acentric within the protected regions. This effect is not a DNase artifact since smaller footprints (8-12 base pairs) obtained with the chemical agent methidiumpropyl-EDTA-Fe(II) (15) were also asymmetrically oriented with respect to the mispair (Fig. 5) . These orientation effects were not a consequence of bounding sequences as is evident upon inspection of results obtained with G-A and T-C mispairs. Although these two mismatches were at the same position (Fig. 3) , footprints obtained were of opposite orientation. If it is assumed that the functional form of mutS is well defined with respect to oligomeric state and DNA binding site, and that footprints provide a reasonable view of DNA regions in contact with protein, then these findings suggest that mutS-DNA interaction involves an asymmetry inherent to (28) . We have also found that the E. coli mutS-encoded protein binds to DNA in the vicinity of several mismatched base pairs. Using crude radiolabeled mutS preparations, Pang et al. (28) found that the S. typhimurium protein cosediments with single-stranded but not duplex DNA. This finding raises questions concerning the nature of mutS binding described here. Is the protein simply binding to single-stranded DNA generated by helix "breathing" in the vicinity of a mispair?
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We cannot completely exclude this possibility, but several arguments suggest that this is not the case. It is difficult to rationalize such a mechanism with the asymmetry of mutS footprints. In addition, apparent affinities of mutS-encoded protein for the four mismatches examined correlate inversely with the extent to which these mispairs destabilize the DNA helix. G-T, G-A, A-C, and T-C mispairs are stacked and, in the case of G-T and G-A mismatches, have been shown to be hydrogen bonded as well (29, 30) . NMR analysis of dodecamers containing these four mispairs has indicated that A-C and T-C mismatches result in greater thermal destabilization of the helix and greater propagation of base pair opening effects along the helix than G-T or G-A mispairs. As described above, the affinity of mutS-encoded protein is highest for the more stable G-T mismatch.
The hierarchy of apparent affinities of mutS-encoded protein -for the four mispairs (G-T > G-A A-C > T-C) tested here does not correlate well with in vivo efficiencies of mismatch correction determined by transformation assay. G-T and A-C transition mispairs have consistently been found to be good substrates for mismatch correction in E. coli and Streptococcus pneumoniae (12, (31) (32) (33) , whereas T-C and G-A are generally weak substrates, although results with the latter transversion mispairs have been variable. Analysis of several A-T to C-G transversion mutations in S. pneumoniae by Claverys et al. (33) indicated that T-C mismatches are corrected in this organism, but G-A is not. In contrast, examination of malM506 and malM594 mutations in S. pneumoniae demonstrated that neither the G-A nor the T-C mismatch corresponding to the former mutation is corrected, whereas both mispairs corresponding to the latter are subject to some repair, suggesting that correction of such transversion mispairs may be highly dependent on sequence environment (32) . Similar observations have been made in E. coli. Although some G-A and T-C mismatches are poor substrates for correction in this organism (12, 31) , M. Jones, R. Wagner, and M. Radman (personal communication) have recently demonstrated that other G-A and T-C mispairs are substrates for mismatch correction in the E. coli system in vivo.
The relationship between such observations and the limited set of mutS binding affinities described here is not clear. It is possible that mutS binding determines the efficiency of mismatch correction and that G-A and T-C mispairs utilized in our work fortuitously fall into a class recognized by the correction system. Consistent with this view is the preliminary finding that the G-T, A-C, G-A, and T-C mismatches employed in this study are subject to mutS-dependent correction in E. coli extracts. Alternatively, mutS-encoded protein may bind at most or all G-A or T-C mismatches, with the correction efficiency of particular mispairs of this class dictated by other protein-DNA or protein-protein interactions involved in the repair process.
